A two-stage in vitro procedure was used for assessing the activity of parotid saliva to enhance rumen digestion of tanniniferous browse foliage. The procedure consisted of pre-incubation in saliva for 4 h at 39°C followed by incubation in diluted buffered rumen fluid. Using this procedure, a study was conducted to examine the effects of pre-incubation in sheep (SS), quebracho-supplemented sheep (qSS) and goat (GS) parotid saliva or in McDougall's artificial saliva (AS, used as control) on in vitro rumen fermentation kinetics (estimated using the gas production technique) of browse foliage from six shrub species (Cytisus scoparius, Genista florida, Rosa canina, Quercus pyrenaica, Cistus laurifolius and Erica australis) collected over two seasons (spring and autumn), thus varying the in vitro digestibility (from 0·597 to 0·903) and tannin contents (from 3 to 130 g tannic acid equivalent/kg dry matter (DM)). Saliva was collected from four sheep and four goats fed alfalfa hay, and from four sheep fed the same alfalfa hay but supplemented with quebracho (rich in condensed tannins) for 60 d, through a cannula inserted in the parotid duct, and rumen fluid was always from sheep fed alfalfa hay. The extent of degradation when browse foliage was pre-incubated in qSS was similar to that observed with control AS (0·449 v. 0·452, respectively), and 8% less than the value with pre-incubation in SS (0·490). In vitro fermentation kinetics (gas production parameters) of browse foliage were not significantly enhanced with pre-incubation in qSS compared with SS, whereas in vitro digestibility and extent of degradation in the rumen were significantly reduced with qSS compared with SS. After pre-incubation in sheep and goat saliva, the extent of browse foliage degradation was significantly increased by 4-8% compared with pre-incubation in the control AS. Fermentation efficiency of browse foliage was increased (P < 0·05) with pre-incubation in GS compared with SS. Sheep or goat saliva may have some activity to affect in vitro rumen fermentation of the foliage samples incubated, enhancing extent of degradation of tannin-rich browse. However, a relationship between the magnitude of this effect and the tannin content of the browse foliage could not be established, suggesting that sheep and goat saliva may not be particularly important in neutralizing tannins.
INTRODUCTION
Shrubby vegetation (e.g. 'maquis' or 'garrigue' in the Mediterranean basin) is widespread throughout arid and mountain areas worldwide (Rogosic et al. 2008) .
These rangelands represent a roughage resource for the animals of these areas, particularly during the dry summer (Ammar et al. 2004a, b; Rogosic et al. 2008) . Some shrubs prevailing in arid and semi-arid rangelands have evolved defensive chemical mechanisms such as secondary compounds that limit their utilization by herbivores (Freeland 1991; Waghorn 2008 ).
The consumption of substantial quantities of secondary compounds, e.g. tannins, can reduce livestock productivity significantly, and cause toxicity and health problems (Rogosic et al. 2008) . Tannins are considered antinutritional compounds, with potential adverse effects such as microbial inhibition depressing ruminal fermentation and decreased feed digestibility and animal performance (Makkar 2003; Waghorn 2008 ). In response to plant self-protective compounds, some animals that regularly consume tannin-rich feeds develop mechanisms against these and other secondary compounds (Makkar 2003; Dearing et al. 2005) . Information about the countermeasures that herbivores use to overcome the effects of specific secondary compounds is still scarce. Elucidation of these mechanisms will contribute to better understanding of the interactions between herbivores and grazing/browsing plants. One of the possible co-evolutionary mechanisms developed by some animals is the secretion of salivary compounds having a high affinity for tannins (Hagerman & Robbins 1993; McArthur et al. 1995; Bennick 2002; Shimada 2006) . Evidence of the secretion of active salivary compounds has been demonstrated in rodents (rats and mice), which can secrete tannin-binding proteins in response to ingestion of tannins. However, information regarding the occurrence and activity of salivary compounds as defences against tannins in domesticated ruminants is still controversial, and it is not yet known if these animals can resort to this feedback mechanism to reduce the negative effects associated with ingestion of tannins.
In view of the importance of saliva in rumen digestion, any changes in composition of ruminant saliva could be reflected in differences in fermentative activity in the rumen and, in particular, in degradation of tannin-rich feedstuffs. With the aim of demonstrating the role of saliva to neutralize tannins, protein composition was determined in the saliva of several herbivore species, but tannin-binding proteins were not detected in the saliva of cattle, sheep and goats (Haghighat et al. 1996; Lamy et al. 2009 ). In contrast with this chemical approach, Alonso-Díaz et al. (2012) examined the reactivity between saliva from sheep and goats fed tannin-rich browse and tannins extracted from different tropical plants, showing that saliva from both ruminant species can precipitate tannins to a different extent, depending upon the source of tannins. An alternative biological approach to investigate the possible interaction between tannins and ruminant saliva is to subject tannin-rich substrates to the action of saliva, examining to what extent the ruminal digestion of the test substrates is consequently affected. A two-stage in vitro procedure for assessing the potential of parotid saliva to enhance rumen digestion of tanniniferous browse foliage was devised by Ammar et al. (2011) . The procedure consists of soaking browse foliage (with varying tannin contents) in saliva before incubation in rumen fluid. It can be hypothesized that if sheep or goat saliva had any activity against tannins, then the pre-incubation of browse foliage in saliva from these ruminant species would neutralize the antinutritional compounds and digestion of the substrates would be enhanced when they were incubated in rumen fluid. The comparison between sheep and goat saliva could reveal inter-species differences in the activity of saliva against tannins, which could be related to the better ability of goats, compared with sheep, to digest tannin-rich feeds (Narjisse et al. 1995; Ammar et al. 2008) . With this approach, differences between each treatment (soaking in either sheep or goat saliva) and control (soaking in artificial saliva (AS) lacking any tannin-neutralizing compound) can be evaluated. To test this hypothesis, substrates with different tannin compositions and concentrations should be appraised, because if a saliva source has any activity against tannins this should become evident when tannin-rich substrates are subjected to the action of that particular saliva, whereas no effect would be observed when substrates with low tannin concentration are mixed with the same saliva source.
As information on this topic is scarce, the aim of the current work was to explore the effects of preincubation of browse foliage in sheep (consuming either a standard forage diet or a forage diet supplemented with condensed tannins) and goat saliva on in vitro rumen fermentation kinetics.
MATERIALS AND METHODS

Browse material
Foliage samples from six Spanish indigenous browse species were collected from wild scrublands in the province of León (North-west Spain) over two different seasons (for a total of 12 browse samples). The browse species were: Cytisus scoparius (L.) Link (Scotch broom), Genista florida L. (Iberian silver-leaved broom), Rosa canina L. (wild dog rose), Quercus pyrenaica Willd. (hoary oak), Cistus laurifolius L. (laurel-leaved rock-rose) and Erica australis L. (Spanish heath). C. scoparius was collected in spring and summer, whereas the other browse species were collected in spring and autumn. The selection of the species was based on the available information on preference and intake by sheep and goats, and on their relative abundance in the area of study, the uplands of the province of León (Northwest of Spain). A representative sample of material was collected from various specimens of each plant species. The plants were clipped with scissors, collecting a mixture of leaves and thin stems. Once in the laboratory, leaves were manually separated from the original samples, immediately freeze dried and ground in a hammer mill with a 1 mm sieve. Chemical composition (Ammar et al. 2004a, b) , content in total extractable and condensed tannins and tannin activity (Ammar et al. 2004c) , and in vitro digestibility of these browse leaves have been reported elsewhere (Ammar et al. 2011) .
Experimental design
The two-stage in vitro procedure developed by Ammar et al. (2011) for assessing the activity of parotid saliva to influence rumen digestion of tanniniferous substrates was used. In vitro incubations were performed in two stages: pre-incubation in saliva followed by incubation in diluted rumen fluid. With the preincubation stage, the aim was that saliva components could interact with feed compounds so that the possible activity of saliva could be expressed. First stage incubations were conducted with parotid saliva obtained from sheep (fed alfalfa hay alone or supplemented with condensed tannins) and goats, and also with AS prepared according to McDougall (1948) , used as a control treatment against which parotid saliva could be compared. In the second stage, sheep rumen liquid diluted in a buffered mineral solution was added to all the cultures. As incubation conditions during the second stage were the same in all cases, differences among experimental treatments within each substrate should be attributed to the possible effects of the pre-incubation in the different saliva sources (the only source of variation was the type of saliva).
Saliva and rumen fluid for incubations
Animal handling followed the recommendations of European Council Directive 86/609/EEC for protection of animals used for experimental and other scientific purposes, and the experimental procedures were approved by the University of León (Spain) Institutional Animal Care and Use Committee.
Four Alpine goats (mean BW = 53·2 kg, S.D. = 2·51 kg) and eight Merino sheep (mean BW = 49·2, S.D. = 2·53 kg) were housed in individual cages. All animals were adult dry non-pregnant females. Sheep and goats were fed 1 kg alfalfa hay once daily and had free access to fresh water and a vitamin-mineral supplement. The four goats (group GS) and four of the sheep (group SS) were fed only alfalfa hay, whereas the other four sheep (group quebracho-supplemented sheep (qSS)) were given alfalfa hay supplemented with quebracho (50 g quebracho/kg dry matter (DM)) for 60 days as described in detail by Ammar et al. (2011) . Sheep of the group SS had been fitted with a permanent rumen cannula at least 3 months before the start of the trials. Rumen fluid for in vitro experiments was collected from SS sheep before hay was offered, taken immediately to the laboratory in thermos flasks, and then strained through two layers of muslin and kept at 39°C under CO 2 atmosphere. Saliva was collected from catheters (2·0 mm internal diameter, 3·0 mm outside diameter) inserted into the left parotid duct (via its oral papilla) and exteriorized through the cheek with a sterile hypodermic needle. Saliva secreted daily from that gland was collected into a container. In order to have enough saliva for all the trials, saliva was collected on two consecutive days, and a composite sample was obtained mixing all saliva gathered from all animals of the same experimental group (SS, qSS or GS) and in both days. This sample was stored at -20°C until use.
In vitro incubations
In vitro incubations were conducted as described by Ammar et al. (2011) . For the in vitro gas production technique, 400 ± 10 mg of each sample were weighed into 120 ml serum bottles and pre-incubated with one of the saliva sources. In each incubation batch, eight bottles were used for each substrate (i.e. for each browse sample), two for each saliva source. Prewarmed (39°C) saliva (20 ml) was dispensed into each bottle, and then all the bottles were placed in the incubator for 4 h at 39°C. With these amounts of saliva and foliage sample, the ensalivation (ml saliva/g DM) was greater than mean values (10 ml saliva/g DM) reported for small ruminants (Kay 1966; Salem et al. 2013) , and thus it was assumed that saliva was in excess to have an effect on substrate compounds.
Meanwhile, a culture medium containing bicarbonate buffer, macro-and micro-mineral, resazurin and reducing solutions was prepared fresh by mixing all the solutions as described by Goering & Van Soest (1970) . This culture medium was maintained under a CO 2 atmosphere and at 39°C on a hotplate. Then, strained rumen fluid was added to the culture medium in a proportion 1 : 2 (1 litre of rumen fluid + 2 litres of medium), and the mixture (diluted rumen fluid) was maintained at 39°C and under anaerobiosis. After soaking the samples in saliva for 4 h (first stage), 30 ml of diluted rumen fluid (10 ml rumen fluid + 20 ml culture medium) were dispensed into each bottle under anaerobiosis. All bottles were sealed and placed back into the incubator at 39°C for 144 h (incubation in diluted rumen fluid, second stage).
The volume of gas accumulated in the headspace of each bottle was measured at 3, 6, 9, 12, 16, 21, 26, 31, 36, 48, 60, 72, 96, 120 and 144 h after inoculation, using a pressure transducer (Delta Ohm, Caselle di Selvazzano, Italy) following the procedures of Theodorou et al. (1994) . After 144 h, fermentation was stopped by swirling the bottles on ice. The contents of each bottle were filtered using glass crucibles to calculate DM disappearance (D144, g DM/g DM incubated).
Blank cultures with each saliva and diluted rumen fluid but with no substrate were incubated, and gas volumes recorded in bottles where foliage was incubated were corrected for values measured in blanks incubated with the same source of saliva (to adjust measured gas volumes for any increase in gas production due to fermentation of organic compounds contained in the corresponding parotid saliva).
Three incubations were conducted, and two serum bottles per sample and per treatment (saliva source) were used in each incubation batch (six replicates per treatment for each browse sample).
Procedures described by Ammar et al. (1999 Ammar et al. ( , 2011 were followed for in vitro digestibility. Samples of each sample were weighed into polyester bags (Ankom F57 bags, size 50 × 50 mm; pore size 20 μm). Bags were placed in 5-l recipients and soaked in saliva (separately for each saliva source) at 39°C for 4 h (first stage) and then incubated in diluted buffered rumen fluid for 48 h (second stage) as described in detail by Ammar et al. (2011) . At the end of the incubations, bags were gently rinsed first under cold tap water, washed out in a neutral detergent solution at 100°C for 1 h and dried at 60°C for 48 h. The dry residue was weighed and considered as the truly indigestible DM to calculate the in vitro DM digestibility (IVD, g digested/g incubated) (Goering & Van Soest 1970) .
Calculations and statistical analysis
The exponential model proposed by France et al. (2000) was fitted to gas production data to estimate fermentation kinetics:
where G (ml/g DM incubated) denotes the cumulative gas production at time t (h); A (ml/g DM incubated) is the asymptotic gas production; c (/h) is the fractional fermentation rate and L (h) is the lag time.
The extent of degradation in the rumen (dg, g DM/g DM) for a given fractional rate of passage (k, /h) can be estimated as follows (France et al. 2000) :
where D144 is DM disappearance after 144 h of incubation and k (fractional passage rate) was assumed to be 0.03/h (characteristic of sheep fed on a forage diet at maintenance level). Average fermentation rate (AFR, ml/h) between t = 0 and the incubation time at which G = A/2 was calculated as AFR = A×c 2(ln 2+cL) (France et al. 2000) , and fermentation efficiency (FE, mg digested DM/ml gas produced) was calculated from DM disappearance after 144 h of incubation and cumulative gas production measured at the same incubation time.
Effects of saliva source across all the browse samples included in the current study were tested by ANOVA using a factorial design with source of saliva (artificial, sheep, qSS and goat), browse species (six species) and sampling season (spring or summer-autumn) as fixed treatment factors, including the first-order (double) interaction effects (Steel & Torrie 1980) in the statistical full-model. Subsequently, following the principle of parsimony, the statistical model was simplified by removing non-significant interaction terms (Crawley 2005; Pasta 2011 ). Level of significance (P values) of the effects of saliva source in the simplified model, and of the interactions saliva source × browse species and saliva source × season in the full model are reported. Orthogonal contrasts were performed to test the statistical significance of the difference between the control (AS) and the pooled effects (average) of SS, qSS and GS (ruminant parotid saliva), for the difference between SS and qSS, and for the difference between SS and GS (Steel & Torrie 1980) .
RESULTS
There were large differences among foliage samples in chemical composition (in particular in tannin content) and IVD (Ammar et al. 2011) due to the different browse species included in the current study and to the different maturity stage of the plants at the two sampling seasons. Gas production values (asymptotic gas production and gas production at 24 h of incubation) were not affected by saliva source (Table 1) . Fermentation efficiency (FE, mg DM degraded/ml gas produced) was on average higher when browse foliage were pre-incubated in GS compared with AS, SS and qSS (Table 1) .
There was no significant effect of saliva source on fermentation rates (either c or AFR) of browse foliage (Table 2) . Lag times were shortest with SS and longest with AS (P < 0·001), with qSS and GS showing intermediate values (Table 2) .
Average D144 across all the browse plants was not affected by saliva source (Table 3 ). There were no significant differences between AS and parotid saliva (average of SS, qSS and GS) or between SS and GS in IVD and dg (Table 3) . However, IVD and dg were decreased by pre-incubation in qSS when compared with SS (Table 3) .
DISCUSSION
Saliva is involved in biological functions related to oral homeostasis, taste, sensation of astringency and digestion (Bajec & Pickering 2008; Lamy et al. 2008) . Some tannin-binding proteins have been detected in the saliva of laboratory animals, livestock and wildlife (Bennick 2002; Shimada 2006; da Costa et al. 2008) . Some studies with domestic ruminants revealed a virtual absence of these compounds in the saliva of cattle, sheep and goats fed tannin-free diets (Austin et al. 1989; Haghighat et al. 1996; Lamy et al. 2009 ). Shimada et al. (2006) concluded that these binding agents are generally secreted in response to the ingestion of tannins. Alonso-Díaz et al. (2012) found that saliva from sheep and goats with experience of browsing native vegetation rich in tannins showed noticeable reactivity against tannic acid, concluding that this could be considered as an evidence of the presence of tannin-binding salivary proteins.
In the present study, browse foliage from different species and having different concentrations of tannins (total extractable and condensed tannins) were soaked in four saliva sources (artificial, sheep, qSS and goat saliva) and then incubated in diluted rumen fluid in vitro. Differences between parotid (sheep or goat) saliva and AS could be due to the activity of salivary compounds contained in animal saliva but not in AS (lacking any protein in its composition). On the other hand, differences between sheep and goat saliva could reflect inter-species variations in the activity of saliva against tannins, and differences between control and qSS saliva can be attributed to the response of sheep to the regular ingestion of condensed tannins (in this case those contained in quebracho) potentially changing saliva composition. This activity could be expressed during the incubation in saliva (first stage), affecting the subsequent fermentation in rumen fluid. Parotid saliva has been proved to have almost twice the tanninbinding activity compared with mixed saliva in roe deer (Fickel et al. 1998) . The in vitro gas production technique was used because it is a sensitive procedure to discern changes in ruminal fermentation (Ammar et al. 2004c ). On average, and across all the browse samples included in the current study, the pre-incubation in parotid saliva tended (P < 0·10) to result in greater (for SS and GS) extent of degradation than pre-incubation in AS. However, in some cases saliva source had no effect on substrates with high tannin contents (Q. pyrenaica, E. australis and C. laurifolius) and showed an appreciable effect on material with minor tannin concentrations (G. florida). Linear correlations (Steel & Torrie 1980) between tannin content of browse and effects of sheep or goat saliva on in vitro ruminal fermentation kinetics (effect computed as the ratio between the values observed with either sheep or goat saliva and the value observed with AS) were determined. Pearson correlation coefficients were always low (r < 0·464, n = 12) and never reached statistical significance. Thus, any effects of saliva cannot be explained based exclusively on a tannin-binding activity, which have not been detected in sheep and goat saliva in other reported studies (Austin et al. 1989; PerezMaldonado et al. 1995; Lamy et al. 2009 ). This fact could explain the inconsistency of the differences between parotid and AS observed in the present study, although it is noteworthy that parotid saliva from sheep and goats did not lower in vitro fermentation kinetics, and in some cases gave rise to enhanced ruminal fermentation compared with AS.
In the comparisons between both animal species (sheep v. goat saliva), no significant differences were observed, except for fermentation efficiency that was superior following pre-incubation in GS, and for the lag time that was shorter when browse was preincubated in SS than in GS. It has been accepted that goats can usually tolerate higher levels of tannins than sheep (Narjisse et al. 1995; Ammar et al. 2008) , although it has been demonstrated clearly that such differences are not always evident depending on the feeding regime of the animals used in the comparison. Differences between both ruminant species are insignificant when animals are fed good quality forages, and become larger with poor quality roughages (Ammar et al. 2008) . If feed offered allows for diet selection, then goats are superior in digesting fibrous forages, for they are able to select the most digestible fractions (Papachristou 1997) . When tanniniferous browse material was incubated in rumen fluid from sheep and goats fed the same diet, there were no significant effects of the source of inoculum on in vitro digestibility and fermentation kinetics (Gordon et al. 2002; Ammar et al. 2008) . However, as animals were adapted to ingest tannins, the microbial population in the rumen underwent changes (in the microbial communities or in their activity) enhancing the digestion of tannin rich feedstuffs (Ammar et al. 2009) .
The occurrence of a salivary tannin-binding activity is not considered an inborn attribute of the animal species, as it seems rather brought about by the ingestion of tannins. The interaction between different feeding categories of herbivores (grazers or browsers) and their food resource will determine the differences among ruminant species in their response to cope with the digestion of tanniniferous feedstuffs (Robbins et al. 1995; Gordon 2003) . Ruminant species that ingest grass have smaller salivary glands (Hofmann et al. 2008) , whereas it has been observed that goats are able to increase the size of their salivary glands (and are therefore probably able to secrete more saliva) in response to the intake of tannin-rich roughages (Austin et al. 1989; Provenza et al. 1990 ). The development of such defensive mechanisms in goats could occur only when animals are maintained under natural conditions and consuming high levels of tannin-containing feeds. Robbins et al. (1995) concluded that anatomical differences observed among ruminant species were not always related to the animal feeding-type (grazers v. browsers). Alonso-Díaz et al. (2012) provided evidence of the differences between goat and sheep in the way that they interact with tannins from different tropical plant species, and showed that tannin-binding activity of goat saliva was greater than that of sheep saliva for some plant species (e.g. Acacia pennatula), whereas sheep saliva was superior to precipitate tannins extracted from other tropical plants (e.g. Leucaena leucocephala). In the current study, the tanning-binding activity of sheep saliva was on average greater than that observed for goat saliva. The physiological implications of the differences between sheep and goats in the composition of their saliva has not been elucidated or related to the different feeding behaviour of these ruminant species (Lamy et al. , 2009 . When sheep and goats were maintained under the same dietary conditions, saliva composition was similar in both ruminant species (Lamy et al. 2009 ). Salivary proteins from sheep and goats browsing native vegetation rich in tannins showed a similar pattern of amino acid composition (Alonso-Díaz et al. 2012) . The comparison between SS and qSS supports the results reported by Ammar et al. (2011) , who concluded that saliva from sheep supplemented with quebracho tannins was not effective compared with saliva from non-supplemented sheep to offset the negative effects of tannins on digestion of browse material. Fermentation of browse foliage when pre-incubated in saliva from sheep adapted to the regular ingestion of quebracho condensed tannins (qSS) was not enhanced compared with the preincubation in saliva from sheep fed forage without tannins. According to the experimental design of the present study, differences between SS and qSS treatments could be attributed to changes in salivary composition in response to the ingestion of quebracho by qSS animals. However, the fact that pre-incubation in SS enhanced ruminal fermentation of browse compared with qSS could also indicate a possible interaction between saliva and inoculum, as ruminal fluid was in all cases from SS sheep. In contrast, the same sheep adapted to the consumption of condensed tannins showed enhanced in vitro ruminal fermentative activity to degrade tannin-rich roughages (Ammar et al. 2009) , probably due to changes in the ruminal microbial populations. However, when sheep and goats are fed the same diet and without a previous adaptation to the consumption of tannins, differences between both ruminant species in the in vitro rumen digestion of browse foliage were subtle and of little nutritional significance (Ammar et al. 2008) . Further studies would be required to confirm whether adaptation mechanisms (affecting either saliva composition or ruminal microbial communities) are induced in response to a regular exposure of small ruminants to tannin-rich feedstuffs.
The differences observed in fermentation kinetics in vitro after the pre-incubation in artificial, sheep or goat saliva of foliage of some browse species with different tannin concentrations would support the hypothesis that sheep or goat saliva might have some activity to offset the detrimental effects of the tannins on ruminal fermentative activity. If the saliva from small ruminants had a specific activity to offset the effects of tannins on ruminal fermentation, then such an effect should have been more apparent when animals were adapted to the regular ingestion of tannins. However, such activity was not observed with saliva from qSS, which was less effective enhancing the ruminal degradation of tannin-rich substrates than saliva from non-adapted sheep. Additionally, the effects observed across the several foliage materials assayed were not always consistent and easily interpretable, considering the fact that tannin concentration of browse was not related to the magnitude of the effects detected. Therefore, it is not possible to conclude that the positive effect of animal saliva compared with AS is due to a neutralizing activity of tannins that is brought about by adaptation to the regular ingestion of quebracho.
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